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PAT

:   polar auxin transport

PLB

:   protocorm-like body

BA

:   benzyladenine

TZD

:   thidiazuron

BAP

:   6-Benzylaminopurine

IBA

:   indolbutyric acid

KN

:   kinetin

NAA

:   1-naphthalenacetic acid

2,4-D

:   2,4-dichlorophenoxyacetic acid

IAA

:   indolacetic acid

NPA

:   1-n-naphthylphthalamic acid

TIBA

:   2,3,5-triiodobenzoic acid

CW

:   coconut water

GA

:   gibberellic acid

JA

:   jasomonic acid
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Development is regulated by phytohormone-induced responses which ultimately govern form and function throughout the life of the plant. While hormone studies on *Arabidopsis* have been very revealing, research with non-traditional systems, such as orchids, have also helped to expand our knowledge of phytohormones in plant development. Orchidaceae is one of the largest and most diverse plant families[@cit0001] whose cultivation has been a primary focus of research due to its high commercial value[@cit0002] and increased risk for extinction.[@cit0003] Detailed culture media recipes containing a specific mix of phytohormones have been designed for a variety of explants of different species.[@cit0004] From these tissue culture optimization studies, one can garner some understanding about the phytohormones involved in aspects of orchid development, such as organ initiation,[@cit0006] trichome formation,[@cit0008] and germination.[@cit0009] However, studies have also revealed hormone regulation of events that are atypical in model systems, including fungal and bacterial assisted germination,[@cit0011] formation of protocorms,[@cit0008] and delayed ovule maturation.[@cit0013] Although there are a host of physiological and environmental parameters which contribute to these events, the aim of this mini-review is to highlight the regulatory role of auxin during select stages of orchid development.

Auxin has been characterized as a plant morphogen due to its ability to control leaf initiation in the meristem, stimulate root formation, guide tropic responses and organize tissue patterns within the developing embryo.[@cit0015] Indolacetic acid (IAA) is the most common naturally occurring auxin, and synthetic auxins include compounds such as naphthalene-1-acetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D). Auxins are primarily synthesized in the shoot apex and move in a polar, basipetal fashion through the stem, and acropetally in the root, with a transition to basipital flow from the root tip, often described as a fountain-like flow.[@cit0017] Export of auxin from cells is directed via PIN-FORMED (PIN) proteins, whose placement in the membrane is highly regulated by endosomal delivery and selective removal.[@cit0018] With the assistance of additional auxin transporters, including ABCB that works synergistically with PIN and AUX1 which moves HIAA into adjacent cells, PIN arrangement yields a continuous exodus of auxin from one side of the cell, providing directionality to the flow.[@cit0020] Polar auxin transport (PAT) can be interrupted by a number of compounds, many of which seem to interfere with endosomal action and/or inhibit auxin efflux at the membrane.[@cit0021] Examples of the most commonly used inhibitors are 2,3,5-triiodobenzoic acid (TIBA), 1-naphthalenacetic acid (NPA), monensin, and Brefeldin A. PAT inhibitors have been used by many researchers to determine when and where auxin delivery is critical for a particular plant response, such as organ initiation and tropic growth.[@cit0016]

Auxin Mediates Pollination-induced Floral Modifications and Inflorescence Initiation {#s0002}
====================================================================================

Beginning with pollination, auxin plays a critical role in the orchid life cycle. Pollen-born auxin is the initiator of perianth death, stigmatal closure, ovary enlargement and ovule maturation (**[Table 1](#t0001){ref-type="table"}**). Several studies have demonstrated that application of NAA to the orchid stigmatic surface mimics the floral senescence response triggered by pollination.[@cit0026] Auxin initiates rapid changes, including elongation of ovary epidermal cells to form trichomes, an increase in ovary diameter, and, depending on the species, initiation of ovule development or maturation of partially developed ovules.[@cit0013] Most of these changes are mediated through auxin-stimulated ethylene production.[@cit0029] In fact, a combination of auxin and ethylene are needed for optimal ovary/ovule development. The addition of ethylene antagonists to pollinated or unpollinated, NAA-treated stigmas resulted in partial stigmatal closure and moderate ovary swelling, and only a small amount of perianth senescence, while ethylene alone promoted death of the perianth without ovary enlargement or closure of the stigma.[@cit0013] Moreover, auxin up-regulated the ethylene biosythethic genes in *Phalaenopsis*, Phal-ACS2 and Phal-ACS3, and auxin-induced ethylene production was secondarily enhanced through ethylene-stimulated Phal-ACS1 expression.[@cit0030] Independent of ethylene, auxin treatment depressed transcript levels of the *Phalaenopsis* gene, PeMADS6, whose function is to sustain the life of the floral parts while inhibiting the completion of ovary and ovule maturation after pollination.[@cit0032] However, both auxin and ethylene response elements have been identified in the promoter region of PeMADS6, implicating both hormones in this pollination-induced shift in gene expression.[@cit0032] Auxin and ethylene may also mediate biochemical changes that contribute to orchid flower senescence. Pollination stimulated oxidative stress in floral organs, as evidenced by electrolyte leakage and high free radical levels in these tissues.[@cit0033] The PAT inhibitor, TIBA, and silver nitrate, an ethylene inhibitor, partially prevented this damage, suggesting that auxin-ethylene signaling plays a role in controlling oxidative stress responses during floral senescence.[@cit0034] Following pollination, an increase in hydrolytic activity produced soluble sugars, amino acids, and phosphorus in senescing petals and sepals.[@cit0035] Inhibitors of auxin and ethylene partially prevented the activity of these enzymes during the death process.[@cit0035] Table 1.Developmental responses to auxin alone or in conjunction with other phytohormonesResponse(P)romote/(I)nhibitPhytohormone/SupplementReferencesOvary Development/Corolla SenescencePAuxin (NAA)14,26--29  Auxin (NAA) + Ethylene13,14,29--31FloweringP/IAuxin (NAA, IAA) + Cytokinin (BAP, TDZ)37--43GerminationP/IAuxin (IAA, 2,4-D, IBA)9,55  Auxin (NAA, IAA)+Cytokinin (BA, KN, CW)54--57,10PLB FormationPAuxin (IAA, 2,4-D)8,91  Auxin (NAA,IBA)+ Cytokinin (BA, BAP, TZD, KN)12,60,62,63,92,93Callus FormationPAuxin (NAA, IAA, 2,4-D)8,59--60  Auxin (2,4-D)+Cytokinin (TDZ)60,61,94,95Somatic EmbryogenesisIAuxin (NAA, IAA, 2,4D, IBA)60,64,65Shoot induction/growthPAuxin (NAA, IAA, 2,4-D)8,63,70  Auxin (NAA)+ Cytokinin (BAP, TDZ)74,96--100Root Induction/growthPAuxin (NAA, IAA, IBA)73--75,77,78,93RhizogenesisPAuxin (NAA, IAA, 2,4-D)8,83,85  Auxin (NAA, 2,4-D)+Cytokinin (BAP, KN, CW)82,84,86TrichomesPAuxin (NAA, IAA, 2,4-D)8,13,14,54

Auxin also appears to play a role in floral bud initiation, but reports of its action are not entirely consistent between studies conducted with different orchid species (**[Table 1](#t0001){ref-type="table"}**). The cytokinin, benzyladenine (BA), promoted inflorescence initiation in select orchid species,[@cit0037] however in *Dendrobium,* IAA countered the inductive effect of BA on flowering.[@cit0039] In addition, IAA suppressed flowering apex initiation in *Aranda*, but once inflorescence growth commenced, IAA treatment had no impact on floral bud initiation.[@cit0040] Surprisingly, endogenous IAA levels increased in response to TDZ-induced floral bud formation from *Dendrobium* cultured shoot tips, suggesting a role for auxin in the conversion of a vegetative shoot into a floral shoot.[@cit0041] The impact of auxin flow to the site of bud initiation is not clear from the literature. TIBA inhibited inflorescence formation in *Cymbidium*,[@cit0042] while the application of auxin antagonists stimulated floral initiation in *Aranda*,[@cit0043] but the buds failed to develop into a mature inflorescence. Although most research suggests an inhibitory effect of auxin on flowering, there are a few studies that indicate a possible inductive role for this hormone; thus continued research in this area is needed to determine the precise role of auxin in this important developmental stage of the orchid life cycle.

Polar Auxin Transport Affects Protocorm and Meristem Formation {#s0003}
==============================================================

PAT and establishment of shoot/root poles {#s0003-0001}
-----------------------------------------

In most angiosperms, embryonic meristems are set up during the heart stage of embryogenesis, leading to clear tissue patterning for shoot/root axis development. An auxin organizing center is located near the anterior end of the embryo, and from this region, auxin flows to the basal pole and works to establish the hypophysis, which is the founder cell for the root meristem.[@cit0044] PAT also occurs from the hypophysis and from the auxin organizing center to the site of cotyledon initiation ([**Fig. 1**](#f0001){ref-type="fig"}).[@cit0044] In orchids, embryogenesis terminates at a stage comparable to the globular embryo of typical angiosperms, which is before early meristems are established.[@cit0045] The mature orchid seed is "dust-like" in size and weight, lacks a primordial shoot/root axis, and the protoderm is the only distinctive primary meristem.[@cit0046] Upon germination, embryo cells divide to form a protocorm, which is a tuberous, sphere or oblong structure that is several times the dimensions of the original embryo, and comprised of undifferentiated cells.[@cit0045]^,^ [@cit0049] Approximately two to three weeks later, a meristem forms with evidence of a first leaf.[@cit0045]^,^ [@cit0049] Thus, early germination of the orchid seed parallels the shoot meristem establishment events observed during mid/late embryogenesis in a typical angiosperm. Similar to embryonic meristem formation in *Arabidopsis*, orchid protocorms may also require an auxin organizing center, post-embryogenesis, which can orchestrate shoot development through PAT (**[Fig. 1](#f0001){ref-type="fig"}**). This is consistent with studies where orchid protocorms that were treated with PAT inhibitors (TIBA and monensin) exhibited reduced first leaf formation.[@cit0008] Moreover, work done to selectively kill an increasingly larger proportion of the embryonic posterior cells of *Spathloglottis* orchid seed demonstrated that when 50--75% of the posterior orchid seed were deemed dead, seedlings still developed; but death in excess of 75% resulted in non-viable seed.[@cit0052] Demise of this anterior region may have eliminated the putative auxin organizing center and prevented germination of the orchid seed. Embryonic PAT is also important for development of the root meristem in *Arabidopsis* embryogenesis, such that after the hypophysis divides, cytokinins accumulate in the apical cell formed from the division, which is designated as the root meristem quiescent center progenitor.[@cit0044] Orchid seedlings generate a root meristem and complete seedling establishment late in germination, often not until 30--90 d in culture (**[Fig. 1](#f0001){ref-type="fig"}**). A hypophysis may develop during orchid embryogenesis and remain quiescent until needed or it may become established later in the germination process. The inconsequentiality of living cells in the posterior end, for germination and seedling establishment,[@cit0052] suggests that either the hypophysis is not set up during embryogenesis or that orchid embryonic cells exhibit flexibility, such that later in development the more anterior cells can take on the functionality of the hypophysis. The exact role of auxin in orchid root meristem initiation has not been studied. Figure 1.(**A**) A model for the comparison of developmental timing and PAT during embryogenesis and germination of a standard angiosperm, *Arabidopsis*, and a typical orchid. A. *Arabidopsis* establishes a clear primordial shoot and root during embryogenesis which can rapidly produce a radicle and young leaves during germination. (**B**) Embryos of orchid seed arrest development at a stage comparable to the globular stage of *Arabidopsis* embryogenesis. Early stages of germination in orchid are similar to late embryogenesis of *Arabidopsis* with the formation of a shoot, but root formation is considerably later in orchid germination. Shifts in auxin flow from an auxin organizing center plays a role in embryogenesis of *Arabidopsis* and regulates germination of orchid seeds.

Germination: Protocorm and early shoot {#s0003-0002}
--------------------------------------

Studies have indicated that auxin influences protocorm development. In select orchid species, exogenous auxin application increased protocorm DNA content,[@cit0053] diameters,[@cit0008] morphology,[@cit0054] and numbers during germination.[@cit0012] In vivo, orchid seed depend upon a fungal symbiont for germination. Interestingly, there is evidence that IAA from auxin-producing, orchid-associated bacteria enhance the mycorrhiza-assisted germination,[@cit0011] however there is no study that indicates that the fungal seed symbiont produces auxin. With regard to a direct in vitro effect, a few studies have indicated that low concentrations of auxin alone can promote germination.[@cit0009] In contrast, others claimed that high auxin levels inhibit germination,[@cit0054] but a consensus of researchers have indicated that a combination of auxin and cytokinins were most effective at promoting germination of orchid seed (**[Table 1](#t0001){ref-type="table"}**).[@cit0009]^,^ [@cit0054] Additionally, most of the literature is nebulous as to how researchers designate the germinated state, whether as first leaf formation or as protocorm enlargement. It is likely that those who define it as protocorm expansion claim that auxin induces germination, while those who require first leaf formation report a delay. This interpretation of the germination studies is consistent with the finding that exogenous auxin promotes a protocorm state and causes young seedlings leaves to fuse;[@cit0008] a response very reminiscent of the *Arabidopsis* auxin transport double mutants (*pin1* and *pid*), which generated fleshy, fused cotyledons during embryo development.[@cit0058] Similar to what is observed during *Arabidopsis* embryogenesis, it is likely that redistribution of auxin and the establishment of appropriate auxin gradients is also responsible for shoot formation during orchid seed germination (**[Fig. 1](#f0001){ref-type="fig"}**).

Protocorm like-bodies (PLBs) {#s0003-0003}
----------------------------

The maintenance of a protocorm stage of development by disrupting auxin gradients is further supported by studies on the formation of protocorm-like bodies (PLBs), whereby exogenous auxin application promoted an undifferentiated state; but reduction or removal of auxin from the culture media resulted in somatic embryos which formed shoots (**[Table 1](#t0001){ref-type="table"}**). Traditionally, researchers have designated any protocorm-shaped, culture-derived, ectopic formation as a PLB, if it is capable of producing a shoot. In addition, some researchers have likened PLBs to somatic embryos, since their development is consistent with in vivo orchid seed development and they possess hydroxyproline-rich glycoproteins (HRGPs) in the wall that are common to seed embryos.[@cit0046] Callus, which is used as starting tissue for the production of PLBs, can be auxin-induced from an array of orchid explants, including shoot tips, protocorms, rhizomes, root tips and leaves (**[Table 1](#t0001){ref-type="table"}**). Further, various orchid explants have been reported to generate PLBs in response to auxin and cytokinin, similar to protocorm formation during seed germination, described above, but the optimal recipe differs for each species (**[Table 1](#t0001){ref-type="table"}**). In some studies, hormone application was not used in the final steps of PLB generation. For example, in *Dendrobium*, NAA plus BAP generated callus, which when subcultured on hormone-free media formed PLBs.[@cit0059] Similarly, in *Oncidium* and *Cymbidium*, 2,4-D and TDZ treatment generated embryonic callus, which initiated PLBs after subculture on hormone-free media.[@cit0060] However, root-derived callus from *Oncidium* generated PLBs that completed somatic embryogenesis on low levels of NAA with higher TDZ concentrations.[@cit0060] Alternatively, in *Spathoglottis,* a lower ratio of cytokinins (BAP):NAA promoted PLB formation from seedling nodal explants, but a higher ratio induced shoot formation.[@cit0062] Researchers have also demonstrated that auxin can inhibit cytokinin-induced direct somatic embryogenesis in *Phalaenopsis* and *Oncidium* species.[@cit0064] Overall, these findings suggest that high exogenous auxin levels promote and/or maintain undifferentiated growth, while hormone-depleted media or lower levels of auxin in conjunction with cytokinins typically produce PLBs from callus. This conclusion further supports the premise that, in vivo, uniform auxin distribution helps to maintain a dedifferentiated protocorm until auxin is redirected to appropriate locations and is present in precise concentrations to help stimulate differentiation (**[Fig. 1](#f0001){ref-type="fig"}**).

Auxin Regulates the Formation of Vegetative Structures {#s0004}
======================================================

Shoot induction and growth {#s0004-0001}
--------------------------

Researchers have made significant strides in characterizing the antagonistic relationship between auxin and cytokinin during shoot formation.[@cit0066] In many orchid species, the formation of shoots from the nodes of a stem or stem-like tissue, such as rhizomes or inflorescence stalks, is a very common in vitro response to exogenously applied cytokinin and auxin (**[Table 1](#t0001){ref-type="table"}**). In fact, many culture recipes call for a high cytokinin-to-auxin ratio,[@cit0054] which mirrors the requirements of orchid seed germination and somatic embryogenesis, as previously described. An orchid root tip culture that produced PLBs and subsequent shoots without the addition of exogenous hormones, shifted its endogenous hormone levels to one with a high cytokinin-to-auxin ratio, suggesting that this ratio is also needed for in vivo orchid shoot formation.[@cit0069] Then again, two studies demonstrated that seedling nodal explants can generate new shoots with auxin application alone.[@cit0008] Thus the effects of auxin on the establishment of shoot formation is likely species, tissue, and developmentally specific; and in certain cases it may not require the presence of cytokinin to elicit this developmental response. The lone effect of auxin on shoot growth was also evident when researchers co-cultured *Cattleya* seedlings with an auxin-producing bacterial species isolated from *Cymbidium* shoots.[@cit0070] The endophyte-inoculated *Cattleya* seedlings exhibited an increase in leaf number and, in some cases, an increase in shoot dry weight. In addition, some orchid tissue culture studies reported a general increase in shoot growth in response to auxin alone or in conjunction with cytokinins (**[Table 1](#t0001){ref-type="table"}**).

In *Arabidopsis*, site directed auxin has been shown to play a role in organ initiation from the meristem, whether it be vegetative[@cit0016] or floral.[@cit0071] Further, it has been determined that boundary formation between leaf or floral organ cell initials and the meristem cells occurs through auxin flow coupled with specified gene expression.[@cit0016] For example, down-regulation of CUC and STM expression at the location of primordium initiation and up-regulation of CUC at the site of leaf demarcation designates the site for organ establishment.[@cit0071] The effect of PAT inhibitors on orchid first leaf development from protocorms,[@cit0008] confirms the need for appropriate auxin placement/concentration and suggests that the protocorm is functioning like a meristem whereby leaf initiation is also regulated by auxin-controlled gene expression. Thus the orchid protocorm may be a simple and efficient system to study gene expression during meristem establishment and leaf initiation.

Root induction and growth {#s0004-0002}
-------------------------

The promotive effect of auxin on new root formation has been well-studied in model plant systems.[@cit0072] Likewise, techniques for the production of plantlets from various orchid explants include rooting on auxin-containing media (**[Table 1](#t0001){ref-type="table"}**). Root formation occurred in response to most auxins, but IBA or IAA was especially effective in many orchid species.[@cit0007]^,^ [@cit0073] Moreover, high endogenous cytokinin to auxin ratios in root tips may suppress lateral root formation in *Aranda* and *Vanda* species, since removal of the root tips spurred lateral root formation.[@cit0076] Researchers have also documented that auxin is not only involved in initiation, but also enhanced root growth.[@cit0077] Further, orchid roots are typically inhabited by fungal[@cit0079] and bacterial[@cit0080] symbionts that synthesize IAA. In epiphytes, auxin-producing rhizobacteria are located in the protective velamen layer.[@cit0081] When provided with [l]{.smallcaps}-tryptophan, which is a common root exudate and an auxin precursor, these endophytic isolates generate copious amounts of IAA.[@cit0080] Researchers have clearly demonstrated that the IAA produced by these microorganisms is biologically active, promoting both root growth and seed germination.[@cit0079]

Rhizogenesis {#s0004-0003}
------------

Rhizome formation is of special interest to orchid biologists, since they are commonly used for propagation in the orchid industry. Auxin-promoted rhizogenesis, both with and without cytokinins, has been documented in germinating seeds, seedlings and adult plants (**[Table 1](#t0001){ref-type="table"}**). Protocorms branch into rhizome-like structures during germination in species such as *Cymbidium* and *Geodorum*, a growth response which was enhanced with auxin application.[@cit0082] In addition, NAA and IAA helped to sustain rhizome growth in *Spathoglottis*,[@cit0084] and in *Cymbidium* [@cit0085] auxins induced rhizome growth while inhibiting shoot production. Further, researchers have reported auxin-stimulated production of rhizomes from seedling leaf axils,[@cit0008] and in adult plants, rhizogenesis was promoted by topical application of NAA on psuedobulbs of *Cymbidium*.[@cit0085] In *Geodorum*, the direction of rhizome growth was differentially affected by cytokinins and auxins. BAP caused a diagravitropic, or horizontal growth-response, while NAA induced positive gravitropic growth.[@cit0086]

Trichome formation {#s0004-0004}
------------------

Hair formation in *Arabidopsis* is a hormone-regulated process, in which root hairs are generated in response to auxin and ethylene, and the trichomes of stems and leaves are promoted by GA and JA.[@cit0087] Similar to the response seen in *Arabidopsis* roots, orchid ovaries produced epidermal hairs with stigmatic NAA application, suggesting that hair formation is auxin and/or ethylene induced.[@cit0013] During standard orchid seedling establishment, trichomes are produced from protocorm epidermal cells several days to weeks before first root formation (**[Fig. 1](#f0001){ref-type="fig"}**). Some researchers speculate that these hairs are essential for early water uptake[@cit0089] and/or they play a role in setting up the fungal symbiotic relationship which is necessary for in vivo germination.[@cit0090] Precocious hair formation occurred in *Spathoglottis* seedlings when young protocorms were sub-cultured onto IAA or 2,4-D.[@cit0008] In addition, hairs were initiated from leaves and rhizomes when 30-d seedlings were sub-cultured on auxin-containing media.[@cit0008] Similarly, *Orchis* seed cultured on high levels of IAA had enhanced growth of protocorm epidermal hairs, but as kinetin levels were increased, trichome numbers decreased.[@cit0054] In the same study, GA also enhanced epidermal hair formation on *Orchis* protocorms.[@cit0054] Interestingly, the auxin response would suggest a root-like nature to the protocorm, but the GA response in *Orchis* suggests that the protocorm is responding like a stem. The few studies conducted on hair initiation in orchid systems make it difficult to surmise a conclusive statement about the precise role of these hormones. Although auxin is a clear contender, it is also possible that GA, ethylene and/or cytokinins may also regulate trichome formation in certain orchid species and tissue types.

Conclusion and Forward Look {#s0005}
===========================

True to its function in other plant systems, auxin seems to orchestrate dramatic morphogenic responses during orchid development. From pollination to organogenesis, auxin, and its interplay with other phytohormones, dictates key events in cell signaling that lead to appropriate developmental responses. The pathways connecting the auxin-stimulated outcome with the presence or flow of this hormone are yet to be fully elucidated. However, certain aspects of orchid development are beautifully simple and may provide a unique opportunity to further study these auxin-regulated mechanisms. For example, hair initiation, meristem establishment, first leaf formation, or primary root development can be readily studied in culture as these structures emerge from a mass of undifferentiated cells, the protocorm. Such a culture system provides an efficient means to manipulate hormone levels, both through biosynthesis and transport. Moreover, ovule development, which is inducible by auxin, can be more easily controlled and studied in orchids than other plant systems. The interactions of microorganisms with orchids and the role of auxin in this relationship are very interesting. Further attention needs to be given to this symbiotic relationship and whether the orchid plant is truly dependent on these endophytes for events like seed germination and root development, or if the auxin produced by the microorganisms only augments endogenous auxin produced by orchid tissues. Past tissue culture studies with auxin and other supplements has certainly provided a start to our understanding of this hormone in orchid development, but future studies are needed to more completely connect the molecular biology with these morphological changes that play such a fundamental role in orchid growth and maturation.
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